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: ABSTRACT

/A’he'technique of Active Noise Reduction (ANR) uses interfering sound waves

~ to reduce noise exposure, ANR systems have become commonplace in
transportation equipment as a method for creating a favourable environment to
perform auditory tasks. Recent field experience has shown that high-amplitude
low-frequency sound encountered in helicopters and tracked vehicles causes
some ANR systems to overload or saturate. This is perceived as the presence
of extraneous noise at the ear. A technique is described wherein low-frequency
. ANR performance may be assessed by measuring the threshold of overload.
The results of this procedure indicated large differences in the saturation
thresholds among systems tested. A strong dependence upon the integrity of
the ear seal was also noted. Those systems offering active attenuation into the
infrasound region tended to saturate most easily, but did create the best listening
condition for the user when operated below the saturation threshold/

INTRODUCTION /

Active Noise Reduction, or ANR, is a technique for reducing noise at the ears of an
observer through the action of interfering sound waves. Noise in the vicinity of the ear is
sensed by a miniature microphone built into the ear cup of a headset or helmet containing
the ANR system. The microphone signal is processed and reintroduced by a miniature
loudspeaker into the ear cup cavity out of phase with the original sourd, thus effecting a net
cancellation of noise at the ear. The use of ANR systems is now commonplace in
transportation equipment. ANR. provides a cost-effective way to reduce noise exposure
and to enable the discrimination of speech or the detection of other signals at reduced levels
- of presentation. ANR is thought to suppress the noise causing upward spread of auditory
masking which would otherwise interfere with the performance of these tasks. DCIEM has
been evaluating a number of commercial ANR systems for use in helicopters and tracked
vehicles. The overall attenuation properties of these systems have been reported by
Crabtree and Rylands, 1992.

Recent field experience has shown that system exposure to very high-amplitude
low-frequency audible and sub-audible sound can lead to saturation or overload of the
ANR electronics. Saturation causes the system to generate extraneous noise at the ear
described variously as a clicking, popping or oil-canning sound. A technique was
developed wherein the low-frequency behaviour of ANR equipment could be assessed by
measuring the threshold or onset of overload as a function of frequency.




METHOD

The saturation thresholds of the candidate ANR systems, or the maximum at-ear sound
levels for which non-distorted cancellation waveforms could be generated, were measured
over a frequency range of 10 - 40 Hz. To accomplish this, a KEMAR acoustical manikin
headform with Zwislocki coupler artificial ears (Burkhard and Sachs, 1975) was modified
by removing the couplers and mounting plates from the ear cavities. This provided 27 mm
circular openings from the circumaural areas into the hollow headform. Calibrated 12.7
mm microphones were suspended in these openings such that their diaphragms were flush
with the outer surface of the headform, thus allowing air to pass freely through the
openings. The hollow neck of the headform was attached to the interior of a loudspeaker
enclosure containing a 200 mm low-frequency driver.

When an ANR helmet or headset was placed over the ear openings and the
loudspeaker excited by a low-frequency pure tone, it was possible to excite the ear cavities
to sound pressures exceeding 140 dB. The ANR system could not distinguish between
this type of excitation and that which normally permeates the ear shells, thus ANR
attempted to establish an opposing noise field. Since the measurement microphones were
placed in proximity to the cancellation transducers, they were sensitive to the onset of
distortion or overload. The resulting extraneous noise became clearly audible over
headphones used to monitor the microphones as the excitation level passed through the
threshold. Sound pressure levels registered by the microphones at the threshold were then
plotted as a function of frequency. '

Although the preceeding experiment describes ANR behaviour within the ear cup at
very low frequencies, it does not quantify the effect of the ear cushion or the seal against
the side of the head. This information is required to define the magnitude of an external
sound field which will cause the threshold to be exceeded. To study this question, another
simulator in which the entire helmet/ANR system could be subjected to low-frequency
high-pressure sound was used. This simulator was a large sealed loudspeaker enclosure
with a 300 mm driver. Access to the interior was accomplished by removing the driver
then inserting the helmet through the opening. Inside the enclosure, measurements were
accomplished using a heavy flat-plate coupler with a microphone at its centre.

Insertion-loss measurements were carried out with the coupler in free air and
pressed against one of the helmet's ear seals as the driver was excited by low-frequency
pink noise. Attenuation data were given as the difference between the spectra. With this
apparatus, the effect of controlled air leakage into the ear cavity through a tube 1.6 mm
inside diameter x 20 mm length was also determined. The tube was embedded in a wedge
of plasticine to prevent air movement around its periphery. The opening created by the
insertion of the metal side arm of eye glasses was also assessed. Details of the test fixtures
used in these studies have been reported by Welker, 1993.

RESULTS AND DISCUSSION

The saturation threshold levels of several ANR systems are given in Figure 1. The traces
describe the highest levels of low-frequency at-ear pure tone sound levels that the systems
could accommodate without generating extraneous noise. The differences between these
curves are thought to be attributable to two interrelated factors. First, those systems
providing significant cancellation within this frequency range simply worked harder in the
presence of infrasound excitation, and second, hardware constraints such as the excursion
limits of the cancellation transducers or the power available to drive them ultimately
determined the saturation threshold. The devices having extended low-frequency




performance appear to create the best listening environment for the user when operated
below the overload threshold.

A typical noise spectrum resulting from overload is shown in Figure 2, where the
excitation was al6-Hz pure tone presented 5 dB above the saturation threshold. For
reference, the comparable spectrum with ANR in defeated or passive mode is also shown.
The difference between the traces represents the extraneous noise which was most
pronounced at frequencies between 100 and 1000 Hz. This raises the possibility of
interference with the lower portions of the speech band.

The results of a typical low-frequency insertion-loss measurement with ANR in
. passive mode are shown in Figure 3. The upper trace shows the attenuation achieved with

an ideal (airtight) seal against the flat-plate coupler containing the measurement
microphone, and the lower trace the effect of breaching the seal into the ear cavity by means
of the tube described above. The leakage path appeared to act as a resonator with the
enclosed air volume which amplified sound energy in the 50 - 100 Hz region and generally
nullified any attenuation below 30 Hz. Nearly identical results were found when the side
frame of eye glasses was inserted between the cushion and the coupler.
As an example of practical implications, the largest acoustical input to the cabin of a
Sea King helicopter occurs at the main rotor blade-pass frequency, about 17 Hz, as shown
in Figure 4. Anair leak as small as that described above would force the ANR electronics
to accommodate ambient (rather than attenuated) levels of infrasound, as well as higher-
than-ambient levels of the 2nd - 5th order harmonics of rotor blade pass noise. Experience
has shown that a perfect seal against the head is rarely achieved in a field situation. Thus,
for a given ANR system to perform satisfactorily in this helicopter, it needs to be capable of
- generating very high levels of infrasound. :

ONCLUSION

Environments in which ANR has the potential to provide the greatest benefits to the user
often contain low-frequency noise of sufficient amplitude to cause ANR equipment to
malfunction. ANR performance at very low frequencies appears to depend upon the
capability to generate cancellation waveforms within this frequency range, upon hardware
constraints such as transducer excursion limits and upon the integrity of the seal against the
head. The data presented in this paper emphasize the importance of understanding the
behaviour of ANR devices at extremely low frequencies and the relationship to the
envionment in which it will be used. :
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ABSTRACT

The technique of Active Noise Reduction (ANR) uses interfering sound waves
- to reduce noise exposure. ANR systems have become commonplace in
transportation equipment as a method for creating a favourable environment to
perform auditory tasks. Recent field experience has shown that high-amplitude
low-frequency sound encountered in helicopters and tracked vehicles causes
some ANR systems to overload or saturate. This is perceived as the presence
of extraneous noise at the ear. A technique is described wherein low-frequency
ANR performance may be assessed by measuring the threshold of overload.
The results of this procedure indicated large differences in the saturation
thresholds among systems tested. A strong dependence upon the integrity of
the ear seal was also noted. Those systems offering active attenuation into the
infrasound region tended to saturate most easily, but did create the best listening
condition for the user when operated below the saturation threshold.

INTRODUCTION

Active Noise Reduction, or ANR, is a technique for reducing noise at the ears of an
observer through the action of interfering sound waves. Noise in the vicinity of the ear is
sensed by a minjature microphone built into the ear cup of a headset or helmet containing
the ANR system. The microphone si gnal is processed and reintroduced by a miniature
loudspeaker into the ear cup cavity out of phase with the original sound, thus effecting a net
cancellation of noise at the ear. The use of ANR systems is now commonplace in
transportation equipment. ANR provides a cost-effective way to reduce noise exposure
and to enable the discrimination of speech or the detection of other signals at reduced levels
of presentation. ANR is thought to suppress the noise causing upward spread of auditory
masking which would otherwise interfere with the performance of these tasks. DCIEM has
been evaluating a number of commercial ANR systems for use in helicopters and tracked
vehicles. The overall attenuation properties of these systems have been reported by
Crabtree and Rylands, 1992.

Recent field experience has shown that system exposure to very high-amplitude
low-frequency audible and sub-audible sound can lead to saturation or overload of the
ANR electronics. Saturation causes the system to generate extraneous noise at the ear
described variously as a clicking, popping or oil-canning sound. A technique was
developed wherein the low-frequency behaviour of ANR equipment could be assessed by
measuring the threshold or onset of overload as a function of frequency.




METHOD

The saturation thresholds of the candidate ANR systems, or the maximum at-ear sound
levels for which non-distorted cancellation waveforms could be generated, were measured
over a frequency range of 10 - 40 Hz. To accomplish this, a KEMAR acoustical manikin
headform with Zwislocki coupler artificial ears (Burkhard and Sachs, 1975) was modified
by removing the couplers and mounting plates from the ear cavities. This provided 27 mm
circular openings from the circumaural areas into the hollow headform. Calibrated 12.7
mm microphones were suspended in these openings such that their diaphragms were flush
with the outer surface of the headform, thus allowing air to pass freely through the
openings. The hollow neck of the headform was attached to the interior of a loudspeaker
enclosure containing a 200 mm low-frequency driver.

When an ANR helmet or headset was placed over the ear openings and the
loudspeaker excited by a low-frequency pure tone, it was possible to excite the ear cavities
to sound pressures exceeding 140 dB. The ANR system could not distinguish between
this type of excitation and that which normally permeates the ear shells, thus ANR
attempted to establish an opposing noise field. Since the measurement microphones were
placed in proximity to the cancellation transducers, they were sensitive to the onset of
distortion or overload. The resulting extraneous noise became clearly audible over
headphones used to monitor the microphones as the excitation level passed through the
threshold. Sound pressure levels registered by the microphones at the threshold were then
plotted as a function of frequency.

Although the preceeding experiment describes ANR behaviour within the ear cup at
very low frequencies, it does not quantify the effect of the ear cushion or the seal against
the side of the head. This information is required to define the magnitude of an external
sound field which will cause the threshold to be exceeded. To study this question, another
simulator in which the entire helmet/ANR system could be subjected to low-frequency
high-pressure sound was used. This simulator was a large sealed loudspeaker enclosure
with a 300 mm driver. Access to the interior was accomplished by removing the driver
then inserting the helmet through the opening. Inside the enclosure, measurements were
accomplished using a heavy flat-plate coupler with a microphone at its centre.

Insertion-loss measurements were carried out with the coupler in free air and
pressed against one of the helmet's ear seals as the driver was excited by low-frequency
pink noise. Attenuation data were given as the difference between the spectra. With this
apparatus, the effect of controlled air leakage into the ear cavity through a tube 1.6 mm
inside diameter x 20 mm length was also determined. The tube was embedded in a wedge
of plasticine to prevent air movement around its periphery. The opening created by the
insertion of the metal side arm of eye glasses was also assessed. Details of the test fixtures
used in these studies have been reported by Welker, 1993,

RESULTS AND DISCUSSION

~ The saturation threshold levels of several ANR systems are given in Figure 1. The traces
describe the highest levels of low-frequency at-ear pure tone sound levels that the systems
could accommodate without generating extraneous noise. The differences between these
curves are thought to be attributable to two interrelated factors. First, those systems
providing significant cancellation within this frequency range simply worked harder in the
presence of infrasound excitation, and second, hardware constraints such as the excursion
limits of the cancellation transducers or the power available to drive them ultimately
determined the saturation threshold. The devices having extended low-frequency




performance appear to create the best listening environment for the user when operated
below the overload threshold. _

A typical noise spectrum resulting from overload is shown in Figure 2, where the
excitation was al6-Hz pure tone presented 5 dB above the saturation threshold. For
reference, the comparable spectrum with ANR in defeated or passive mode is also shown.
The difference between the traces represents the extraneous noise which was most
pronounced at frequencies between 100 and 1000 Hz. This raises the possibility of
interference with the lower portions of the speech band.

The results of a typical low-frequency insertion-loss measurement with ANR in
. passive mode are shown in Figure 3. The upper trace shows the attenuation achieved with
an ideal (airtight) seal against the flat-plate coupler containing the measurement
microphone, and the lower trace the effect of breaching the seal into the ear cavity by means
of the tube described above. The leakage path appeared to act as a resonator with the
enclosed air volume which amplified sound energy in the 50 - 100 Hz region and generally
nullified any attenuation below 30 Hz. Nearly identical results were found when the side
frame of eye glasses was inserted between the cushion and the coupler.

As an example of practical implications, the largest acoustical input to the cabin of a

Sea King helicopter occurs at the main rotor blade-pass frequency, about 17 Hz, as shown
in Figure 4. An air leak as small as that described above would force the ANR electronics
to accommodate ambient (rather than attenuated) levels of infrasound, as well as hi gher-
than-ambient levels of the 2nd - 5th order harmonics of rotor blade pass noise. Experience
has shown that a perfect seal against the head is rarely achieved in a field situation. Thus,
for a given ANR system to perform satisfactorily in this helicopter, it needs to be capable of
generating very high levels of infrasound.

CONCLUSION

Environments in which ANR has the potential to provide the greatest benefits to the user
often contain low-frequency noise of sufficient amplitude to cause ANR equipment to
malfunction. ANR performance at very low frequencies appears to depend upon the
capability to generate cancellation waveforms within this frequency range, upon hardware
constraints such as transducer excursion limits and upon the integrity of the seal against the
head. The data presented in this paper emphasize the importance of understanding the
behaviour of ANR devices at extremely low frequencies and the relationship to the
envionment in which it will be used. :

ACKNOWLEDGEMENT

The author is grateful to Andrew Welker, University of Waterloo, for his efforts in
developing the fixtures and gathering the lab data reported in this paper. He also thanks
Patricia Odell and Stephen King for their work in obtaining and preparing the field data.

REFERENCES

Burkhard M.D. and Sachs R.M. (1975) Anthropometric manikin for acoustic research.
J. Acoust. Soc. Amer, Vol. 58. ‘




Crabtree R.B. and Rylands J.M. (1992) Benefit of Active Noise Reduction to noise
exposure in high-risk environments. Proceedings of the INCE 1992 International

Congress on Noise Control Engineering, Toronto, Canada.

Welker A.C. (1993) Evaluating Active Noise Reduction system performance within low
frequency noise environments. University of Waterloo Engineering Co-Op Student Work
Report, DCIEM, Toronto, Canada.

150 ‘ 130
—o— H-1 120 - '
: ~ —o0— ANR Off
~ 140 —a— H-2 R 110- ‘
S ~ é 100 ‘ On
& T 4 90—
2| :
O 804
2 1204 2
) N : g 70-
E 110~ % g 60 ~
o ' 50
100 I I i ] 40 1 i 1 ] 1 1 1 i 1
10 - 20 30 40 6.312.5 25 50 100 200400 8001600
FREQUENCY (HZ) 1/3 OCTAVE-BAND CENTRE FREQUENCY (Hz)
Figure 1. Saturation thresholds Figure 2. Ear cup spectra for pure tone
for three candidate ANR systems 5 dB above saturation threshold
30 120
e Breached Seal _ ° Hover
—~ % .
S , | ——— Airtight Seal g 110 - —+— Cruise
%] ] : ’
[ 7¢]
3 15 - 3
5 g 100 -
B 104 é
7 &
& 5
S 4]
o)
0 [72]
-5 80 ~g——— T T T T
6.13 12,2 24.4 487 97.2 8 315 125 500 2000 8000
1/12 OCTAVE-BAND CENTRE FREQUENCY (Hz) OCTAVE-BAND CENTRE FREQUENCY (Hz)

Figure 3. Typical ear cup attenuation into  Figure 4. Ambient sound Jevels on the
flat plate coupler with ANR disabled flight deck of the Sea King helicopter




A UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM
{highest classification of Title, Abstract, Keywords)

DOCUMENT CONTROL DATA

(Security ciassification of title, body of abstract and indexing annotation must be entered when the overall document is classified)

ORIGINATOR

8 contractor’s report, or tasking agency, are entered in section 12)

~ DCIEM, Sheppard Ave. W., P.0. Box 2000
North York, Ontario M3M 3Bg

{the nsme and address of the organization preparing the document.
0rgamzataons for whom the document was prepared, e.g. Establishment sponsoring

2. DOCUMENT SECURITY CLASSIFICATION
{overall security classification of the document.
including special warning terms if applicable)

UNCLASSIFIED

3. DOCUMENT TITLE (the complete document titie as indicated on the title page. !ts classification should be indicated by the
- appropriate abbreviation {S,C,R or U} in parentheses after the title.)

ACTIVE NOISE REDUCTION: THEIR INTERACTION WITH VERY LOW FREQUENCY ACOUSTIC ENERGY

4. DESCRIPTIVE NOTES (the category of the document, e.g. technical report, technical note or memorandum. if appropriate, enter the type of
report, e.g. interim, progress, summaery, snnual or final. Gwe the inclusive dates when a specific reporting period is covered.)
TECHNICAL REPORT FOR PROCEED]}NGS‘ OF CONFERENCE

5. AUTHORIS) (Last name, first name, middle initial. If military, show rank, e.g. Doe, Maj. John E.)
CRABTREE, R. BRIAN .

6. DOCUMENT DATE ({month and year of publication of document) | 7a. NO. OF PAGES (total 7b. NO. OF REFS (total cited in

e .o e} .-~ containing.information. Include | '“document) iy

'AUGUST 1994 ST T T : Annexes, Appendlces, etc)” L

Ba. PROJECT OR GRANT NO. ({if appropriate, the apphcablé research | 8b. CONTRACT NO. '{if. appropriste, the applu:able number under
and development project or grant number under which the document {°  which the document _was written)
was written, Please specsfy whether project or grant) '
P51C5 .

9a ORIGINATOR'S DOCUMENT NUMBER ({the official document Sb. OTHER DOCUMENT NO.(S) {Any other numbers which may
number by which the document is identified by the originating be assigned this document either by the originator or by the
activity. This number must be qnique to this document.) sponsor)

10. DOCUMENT AVAILABILITY (any limitations on further dissemination of the document, other than those imposed by security classification)
X') Unlimited distribution
{ } Distribution limited to defence departments and defence contractors; further distribution only as spproved
{ )} Distribution limited to defence departments and Canadian defence contractors; further distribution only as approved
{ ) Distribution limited t0 government departments and agencies;- further distribution only as approved
{ '} Distribution limited to defence departments; further distribution only as. approved
{ ) Other’

11. ANNOUNCEMENT AVAILABILITY (any limitation to the bibliographic announcement of this document. This will normatly correspond to

the Document Availabilty {10). However, where further distribution {beyond the audience specified in 10} is possible, a wider

announcement audience ‘may be selected.)

UNLIMITED

12. SPONSORING ACTIVITY (the name of the department project office or iaboratory sponsoring the research and development include the

address }

DASP, NDHQ, MGEN GEORGE R. PEARKES BLDG, OTTAWA ONTARIO, KI1A 0K2

UNCLASSIFIED

SECURITY CLASS!FICATION OF FORM




(// UNCLASSIFIED - SN
‘ @ " SECURITY CLASSIFICATION OF FORM ' E

14,

13. ABSTRACT ( a brief end factual summar
y of the documer:t. it may also appear eisewhere in the body of th

desirable that the abstract of classified documents be unclassified. Each peragraph of the abstract shnllybegm wn:m::m:;c:::rl\fio:t t'hs ahly
e

security classification of the informatioy in the parsgraph {uniess th
e document itself ts unclassified ’
It 15 not nccgssary 1o include here abstracts in both offical languages uniess the text Is bilmguol’). ) represented s Sl €1, {81 or .

The technique of Active Noise Reduction (ANR) uses interfering sound waves to reduce
noise exposure. ANR systems have become confihonpihee'iil trahsportation equipment as a
method for creating a favourable environment to perforfu auditory tasks. -Recent field
experience has shown that high-amplitude low-frequency sound encountered in helicopters
and tracked vehicles causes some ANR systems to overload or saturate. This is perceived
as the presence of extraneous noise at the ear. A technique is described wherein low-
frequency ANR performance may be assessed by measuring the threshold of overload. The
results of this procedure indicated large differences in the saturation thresholds among
systems tested. A strong dependence upon the integrity of the ear seal was also noted.

... ...Those systems.offering active attenuation into.the infrasound region tended to saturate most. .. ...
easily, but did create the best listening condition for the user when operated below the R
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